The synthesis and extraction of americium(III) and europium(III) from aqueous nitric acid solutions by the new BTBP ligands 6,6'-bis (5,5,7,7-tetramethyl-5,7-dihydrofuro[3,4-e]-1,2,4-triazin-3-yl)-2,2'-bipyridine (Cy 5 -O-Me 4 -BTBP) and 6,6'-bis (5,5,7,7-tetramethyl-5,7-dihydrothieno[3,4-e]-1,2,4-triazin-3-yl)-2,2'-bipyridine (Cy 5 -S-Me 4 -BTBP) is described. The affinity for Am(III) and the selectivity for Am(III) over Eu(III) of Cy 5 -S-Me 4 -BTBP were generally higher than for Cy 5 -O-Me 4 -BTBP. For both ligands, the extraction of Am(III) and Eu(III) from 3 M HNO 3 into 3 mM organic solutions varied with the diluent used. The highest distribution ratios and separation factors observed were in cyclohexanone and 2-methylcyclohexanone, respectively. For Cy 5 -S-Me 4 -BTBP, there is a strong correlation between the distribution ratio for Am(III) and the permittivity of the diluent used. With 1-octanol as the diluent, low distribution ratios (D(Am) < 1) were observed for Cy 5 -S-Me 4 -BTBP although this ligand extracts Am(III) selectively (SF Am/Eu = 16-46 from 1-4 M HNO 3 ). For Cy 5 -S-Me 4 -BTBP, Am(III) is extracted as the disolvate. The distribution ratios for Am(III), and the separation factors for Am(III) over Eu(III) are both significantly higher for CyMe 4 -BTBP than they are for Cy 5 -O-Me 4 -BTBP and Cy 5 -S-Me 4 -BTBP in cyclohexanone. Changing the diluent from cyclohexanone to 2-methylcyclohexanone leads to a decrease in D(Am) but an increase in SF Am/Eu for Cy 5 -S-Me 4 -BTBP.
Introduction
The presence of long-lived radionuclides in spent nuclear fuels is responsible for the long-term radiotoxicity of the nuclear waste arising from the PUREX process. The most important of these are the minor actinides (americium, curium and neptunium).
Their conversion to shorter-lived or stable radionuclides by nuclear reactions (eg: transmutation) is considered to be a key step in the future management and geological disposal of high-level waste issuing from the reprocessing of spent nuclear fuels. [1, 2] However, this transmutation can only be achieved once these radionuclides have been separated (partitioned) from the bulk of the trivalent lanthanide ions which are also present in much higher quantities than the minor actinides in PUREX raffinate. [3] Currently, a two-step strategy is foreseen to perform this separation by liquid-liquid extraction; the minor actinides and lanthanides are first co-extracted from PUREX raffinate using hard O-donor ligands (eg: TODGA, DMDOHEMA) [4, 5] using the DIAMEX process [6] [7] [8] and subsequently, the minor actinides could be separated from the lanthanides using softer N-or S-donor ligands in the SANEX process. [9, 10] The separation of trivalent minor actinides from trivalent lanthanides has been a challenging problem to overcome because of the chemical similarity of the two groups of elements. [11] However, Musikas [12] and Nigond [13] discovered that soft heterocyclic N-donor ligands were able to bind selectively to trivalent actinides and subsequently, research in Europe has focused on the development of ligands capable of separating actinides from lanthanides in a SANEX process. [14] [15] [16] The 2,6-bis(1,2,4-triazin-3-yl)pyridines or BTPs 1 [17] [18] [19] [20] [21] [22] [23] , (Figure 1 ) discovered by Kolarik, [24, 25] were the first ligands to show both high affinities and high selectivities for americium(III) over europium(III) in contact with aqueous solutions of high acidity. Unfortunately, these ligands were not very resistant to radiolysis (with the exception of BzCyMe 4 -BTP) [26] , and, although actinide back-extraction (stripping) was possible with C3-BTP, [27] in the case of CyMe 4 -BTP and BzCyMe 4 -BTP, [26] actinide back-extraction from the loaded organic phase could not be achieved owing to the irreversible metal binding of these annulated BTP reagents.
Subsequently, the 6,6'-bis(1,2,4-triazin-3-yl)-2,2'-bipyridines or BTBPs 2 ( Figure 1 ) were developed. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] These ligands showed lower binding affinities towards americium(III) which allowed stripping to occur using either dilute nitric acid or glycolic acid. However, the 6,6'-bis(5,6-dialkyl-1,2,4-triazin-3-yl)-2,2'-bipyridines (Cn-BTBPs, n = 1-5) were subjected to both acidic hydrolysis and radiolytic degradation by removal of their labile benzylic hydrogen atoms by free-radical species. [39] This led to the development of 6,6'-bis (5,5,8,8-tetramethyl-5,6,7,8- tetrahydro-1,2,4-benzotriazin-3-yl)-2,2-bipyridine (CyMe 4 -BTBP) 3 ( Figure 1 ) in which the benzylic hydrogens have been removed. [40] To date this ligand is the most promising for use in a future SANEX process and in a counter-current 'hot-test' using laboratory centrifugal contactors, 99.9 % of the actinides were removed from the feed solution in a 16-stage flowsheet with very high decontamination factors for Am (7,000) and Cm (1,000). [41, 42] Nevertheless, CyMe 4 -BTBP 3 does still have some drawbacks in the context of an industrial process. Firstly, the kinetics of extraction and back-extraction are rather slow and consequently, relatively long contact times (30-60 minutes for a solution of 3 in 1-octanol/TPH) are required to reach equilibrium, necessitating the use of a phase-transfer agent (eg: diamides such as DMDOHEMA, TODGA). [4, 5, 40] Secondly, the use of ammonium or sodium glycolate solution of approx. pH 4 was required for the efficient stripping of the actinides from the loaded organic phase.
Thus the design and assessment of new N-donor ligands which show improved kinetics and back-extraction properties is on-going. Figure 1) and 6,6'-bis(5,5,7,7-tetramethyl-5,7-dihydrothieno[3,4-e]-1,2,4-triazin-3-yl)-2,2'-bipyridine (Cy 5 -S-Me 4 -BTBP 5, Figure 1 ) which are derived from heterocyclic α-diketones. A BTP derived from one of these diketones has been reported, although its properties with respect to the separation of actinides from lanthanides have not been disclosed. [43] To allow for a meaningful comparison, the solvent extraction properties of the new ligands 4 and 5 are also compared to those of CyMe 4 -BTBP 3. 2,2'-Bipyridine-6,6'-dicarbohydrazonamide 6 [32, 44, 45] was obtained in 87 % yield by the reaction of 2,2'-bipyridine-6,6'-dicarbonitrile [46, 47] with excess hydrazine hydrate in ethanol for 14 days. [48] 2,2'-Bipyridine-6,6'-dicarbonitrile was obtained in 79 % overall yield by the oxidation of 2,2'-bipyridine with hydrogen peroxide in acetic acid, [49] [50] [51] followed by a Reissert-Henze reaction of the bis-N-oxide with trimethylsilyl cyanide (3 eq) and benzoyl chloride (3 eq) in DCM at reflux for 24
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hours. [47, [52] [53] [54] [55] WARNING: trimethylsilyl cyanide is a volatile hydrogen cyanide equivalent. The heterocyclic α-diketones 7 and 8 were prepared according to literature procedures. 2,2,5,5-Tetramethylfuran-3,4(2H,5H)-dione 7 [56, 57] was synthesized in 45 % overall yield by the mercuric acetate-catalyzed cyclization of 2,5-dimethyl-3-hexyne-2,5-diol in dilute aqueous sulfuric acid, [58] [59] [60] followed by oxidation of the resulting dihydrofuranone with selenium dioxide in dioxane. [61, 62] 2,2,5,5-Tetramethylthiophene-3,4(2H,5H)-dione 8 [63] was obtained in 80 % yield by the reaction of 2,5-dibromo-2,5-dimethylhexane-3,4-dione with sodium sulfide in methanol. [64] 2,5-Dibromo-2,5-dimethylhexane-3,4-dione [63, 64] was synthesized in 22 % overall yield by the intermolecular acyloin reaction of ethyl isobutyrate with sodium and chlorotrimethylsilane in toluene, [65] followed by oxidation with excess bromine in chloroform. [64, 66] 6,6'-Bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-1,2,4-benzotriazin-3-yl)-2,2'-bipyridine 3 (CyMe 4 -BTBP) was synthesized in 56 % yield as previously described [40] with the modification that the condensation reaction with 3,3,6,6-tetramethylcyclohexane-1,2-dione [67, 68] was performed in dioxane at reflux for 
Solvent Extraction and Solubility Determination
Solvent extraction studies were performed at the Czech Technical University in 
where A st is the count rate of the initial standard sample, M is the number of channels in the evaluated peak (in the Region Of Interest), T is the gross area of a ROI set at the position of the respective peak in the background spectrum measured for the time t bg , and t vz is the time of measurement of the sample. This formula has been derived for 90% probability of the right decision. For each sample, a recovery (mass balance) R for each of the radionuclides was calculated as: 
Results and Discussion
The distribution ratios and separation factors for the extraction of Am(III) and Eu(III) We attempted to rationalise these results by looking for a correlation between the distribution ratio for Am(III) and the basic characteristics of the diluents used. The properties considered were permittivity, dipole moment and solubility parameter.
The equation:
where r is the correlation coefficient, n is the number of data points correlated, and x, y are variables (the value of the property and the distribution ratio, respectively), was used to evaluate the correlation.
The only confirmed correlation observed was that between D(Am) and the permittivity [69] of the diluent (Figure 3 ). For non-aromatic diluents (when nitrobenzene was omitted from the data), a high correlation coefficient of 0.93 was observed. One interpretation of this correlation is that the lipophilic ion pair It is also apparent that the distribution ratio increases with increasing [HNO 3 ] and this trend is also observed with CyMe 4 -BTBP 3 [40] and the other BTBPs. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] The maximum D value observed was 0.46 from 4 M HNO 3 . and the highest separation factor observed was 22 at 2 M HNO 3 . Thus a higher distribution ratio and a lower separation factor were observed for this ligand in cyclohexanone than in 1-octanol ( Figure 4 ). Once again, a decrease in the volume of the organic phase and an increase in the volume of the aqueous phase were observed after phase contact. These observations could be explained by the co-extraction of Am(III) and Eu(III) by the diluent itself (cf. Figure 2 ) and by the partial miscibility of cyclohexanone and water, respectively. Narbutt. [37] Hence, the kinetics of extraction with this diluent should be much faster than with 1-octanol. Figure 9 . The equilibrium D value was achieved after only 30 minutes of contact; a rate of extraction that is comparable to, but not as fast as that obtained with C5-BTBP in cyclohexanone. [30, 31] This rate of extraction is fast enough for an efficient separation process. In contrast, the same ligand 5 requires 6 hours of contact to reach equilibrium in 1-octanol ( Figure 5 ). The faster kinetics observed in cyclohexanone can be attributed to the phase-transfer properties of this diluent which also gives faster kinetics with C5-BTBP. [30, 31] In comparison, CyMe 4 -BTBP 3 requires a phase-transfer agent (eg: TODGA, DMDOHEMA) to achieve comparable kinetics in 1-octanol. [40] This result confirms the suggestion of Narbutt and Krejzler who concluded that "this quite well watersoluble ketone should not be considered an inert solvent (diluent), but a reagent which solvates the M(III) ions in the aqueous phase and acts as phase transfer reagent for An and Ln ions, greatly improving the kinetics of their solvent extraction using BTBP ligands". than those of CyMe 4 -BTBP, [40] indicating that the design of the aliphatic part of the BTBP molecule is very important in the context of the development of future ligands for the partitioning of actinides from lanthanides. The kinetics of extraction of Am(III) and Eu(III) by ligand 5 were faster in cyclohexanone than in 1-octanol due to the phase-transfer effect of cyclohexanone. In addition, 2-methylcyclohexanone has been introduced as a potential new diluent that has some desirable properties compared to cyclohexanone.
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